The gauge symmetry of the Ginzburg-Landau theory for two-gap superconductors is analyzed in this letter. We argue that the existence of two different phases, associated with the two independent scalar Higgs fields, explicitly breaks the gauge symmetry of the Ginzburg-Landau hamiltonian, unless a new additional vector field is included. Furthermore, the interference term, or Josephson coupling, holding a direct dependence with the phase difference, also explicitly breaks down the gauge symmetry. We show that a solution for the problem is achieved by adding an additional kinetic coupling term between the two vector fields, which generates the desired terms through a spontaneous symmetry breaking mechanism. Finally, the electrodynamics of the system is also presented in terms of the supercurrents inside the superconducting region.
INTRODUCTION
The discovery of superconductivity in magnesium diboride MgB 2 in 2001 [1] , revealed for the first time the existence of two gaps in superconductors. The phenomenological description of such systems can be achieved through an extended multi-component Ginzburg-Landau theory [2] , analogue of other extensions also found in liquid metallic hydrogen [3] , or in high-energy physics, in two-Higgs-doublet models (2HDM) [4] .
The phenomenology associated with such systems becomes particularly interesting, especially in superconductors, when they exhibit a mixture of properties from type-I and type-II superconductivity, also known as type-1.5 [5] [6] [7] [8] [9] . The theoretical macroscopic description of these class of superconductors has been under study during the past decade, with several phenomenological predictions derived from the multi-component GinzburgLandau theory [10, 11] . Moreover, the multi-band Ginzburg-Landau parameters have also been microscopically derived from the BCS hamiltonian near the phase transition [12] [13] [14] .
In this letter, the gauge invariance of multi-band superconductors is studied and reviewed, leading to the conclusion that n vector fields are necessary to preserve a local gauge symmetry of a superconductor with n complex scalar order parameters, holding independent phases. It is also shown that the Josephson interaction terms, which also explicitly violate the local gauge invariance, can be generated through a spontaneous symmetry breaking mechanism from the coupling between the different gauge vector fields. The total supercurrent associated with these gauge fields is also derived in this framework, leading to the physical interpretation of the global magnetic field inside the superconducting region. The possible vortex solutions for these supercurrents are also qualitatively analyzed in the context of previous work with similar models.
GINZBURG-LANDAU THEORY AND GAUGE IN-VARIANCE
The Ginzburg-Landau hamiltonian for a two-band superconductor at zero Kelvin is usually written in its most simple form as,
with the order parameter
, where ρ i (x) and θ i (x) are real fields. The vector field is represented by A, 2e is the electric charge of the Cooper pairs [15] [16] [17] [18] , and the real constants α i , and β i are the arbitrary parameters of the theory. The bare masses of the condensates pairs, m 1 and m 2 , are assumed to be different to comprise systems like liquid metallic hydrogen or liquid metallic deuterium, where the mass of the deuteron is three orders of magnitude larger than the Cooper pairs' [19, 20] .
The existence of different phases, associated with the two scalar fields, immediately raises a problem related to the gauge invariance of the theory, as discussed in [21] . As both fields couple to the same vector field, the U (1) local gauge invariance cannot be preserved if both scalar fields have different phases, with the vector field transforming as
To build a local gauge invariant theory with two independent scalar fields, a U (1) × U (1) symmetry is necessary, implying the existence of two vector fields inside the superconducting region. As such, the hamiltonian for a general non-interacting multi-band system can be written as
with the fields transforming as
under the ith U (1) local gauge transformation. In this case, the vector fields do not couple with each other and neither do the complex scalar fields, which means that the electromagnetic field independently interacts with the different condensates. By applying the usual Higgs mechanism to spontaneously break the local gauge symmetry [22] [23] [24] [25] [26] [27] , the independent vector fields acquire a mass [28] [29] [30] [31] [32] [33] , giving rise to an overlap of Meissner or vortex states. The gauge invariant potential, in the case both quadratic parameters are negative,
has a non-degenerate minimum value after the spontaneous symmetry breaking,
In other words, the photons inside the superconducting region may acquire different effective masses, depending on which boson condensate they interact with. This is, in fact, not a surprising result, as several condensed matter systems comprise overlaps of several modes with different effective masses. It should be noted, however, that this model does not comprise a change of nature of the electromagnetic field as we know it inside the multiband superconducting region. Instead, the two gauge fields appear as a macroscopic description of the interaction between the electromagnetic field and the two condensates, just as the massive photons in traditional Ginzburg-Landau theory.
JOSEPHSON COUPLING AND SPONTANEOUS SYMMETRY BREAKING
This previous model is not very realistic, however, in the sense that it assumes no interaction at all between the condensates. To parameterize such interactions, usually a Josephson interference term is added to the hamiltonian [34] ,
with a real coupling constant η. Nevertheless, the same problem arises as such interference term directly depends on the phase difference and violates the gauge freedom. In other words, the different choice of the complex phases leads to different outcomes, i.e. non-physical results.
To overcome this difficulty, another gauge invariant interference kinetic term can be included in the hamiltonian, namely
where γ gives the strength of the interaction between the two massive photon fields. By expanding the complex scalar fields in terms of its real phases, a Josephson-like term arises:
Since the real phases are arbitrary due to the local gauge freedom, one can spontaneously break the symmetry and choose the appropriate phase functions values which provide the desired phenomenological description of the problem. In this case,
and the Josephson coupling term is sucessfully generated through a spontaneous symmetry breaking mechanism. Finally, the super-currents can also be derived in this model, yielding
and,
where the dependency with the phase difference becomes, once more, explicit due to the interference terms between the vector fields. It should be stressed, however, that these super-currents are, in fact, locally gauge invariant, and therefore, physical observables that can be experimentally measured, despite the presence of terms with explicit phase differences. An elucidative exercise can be performed by applying the previous transformations to these super-currents, preserving the local gauge invariance.
The total current in a two-gap superconductor is, therefore,
and can be associated with the global magnetic field inside the superconducting region,
The final magnetic field results, therefore, from the combination of the two gauge vector fields, and encompasses several possible configurations, such as pure Meissner states, or mixtures of vortices states, depending on the properties of each condensate [35, 36] . The coupling terms may also play an important role, resulting in tangled vortices solutions, whose study is beyond the scope of this letter.
CONCLUSIONS
It is, thus, clear that two vector fields must exist inside two-gap superconductors, each corresponding to different massive photons, to fully preserve the local U (1) × U (1) gauge symmetry. In fact, the interference terms between the two massive photon fields also give rise to the forbidden Josephson couplings between scalars, through a spontaneous symmetry breaking mechanism. These results may hopefully lead to a change of paradigm when dealing with such systems, centering the construction of theories around the local gauge symmetry groups, and by attempting to derive any desired anomalous terms through spontaneous symmetry breaking mechanisms.
